Scanning electron microscopy, micro-Raman, and photoluminescence ͑PL͒ measurements are reported for Mg-doped GaN films grown on ͑0001͒ sapphire substrates by low-pressure metalorganic chemical vapor phase deposition. The surface morphology, structural, and optical properties of GaN samples with Mg concentrations ranging from 10 19 to 10 21 cm Ϫ3 have been studied. In the scanning micrographs large triangular pyramids are observed, probably due to stacking fault formation and three-dimensional growth. The density and size of these structures increase with the amount of magnesium incorporated in the samples. In the photoluminescence spectra, intense lines were found at 3.36 and 3.31 eV on the triangular regions, where the presence of cubic inclusions was confirmed by micro-Raman measurements. The excitation dependence and temperature behavior of these lines enable us to identify their excitonic nature. From our study we conclude that the interface region between these defects and the surrounding wurtzite GaN could be responsible for PL lines.
I. INTRODUCTION
The production of highly efficient blue and green lightemitting diodes 1 and the development of a violet injection laser 2 based on GaN have stimulated intensive research on this compound. Major advances have been achieved in the growth process of this material. A dual flow metalorganic chemical vapor deposition ͑MOCVD͒ growth process has been developed to promote two-dimensional GaN growth on sapphire. 3, 4 The use of a low-temperature buffer layer has made possible the growth of device quality GaN films at high temperatures. For p-type doping of GaN by Mg, when MOCVD is used as the growth method, a postgrowth thermal treatment is necessary in order to convert the initially highly resistive Mg-doped GaN to lower resistance p-type GaN layers (ϳ1 ⍀ cm͒. 5, 6 Further progress towards advanced optoelectronic devices will require a better understanding of the defect formation and recombination processes in GaN epilayers. The lifetime of these optical devices is critically determined by defects such as dislocations, stacking faults, and inversion domain boundaries which can act as traps and recombination centers. Raman scattering and photoluminescence ͑PL͒ measurements have been employed as informative techniques for the structural and optical characterization of GaN films. [7] [8] [9] Raman spectroscopy is a very useful and straightforward tool for the quantitative determination of a minority phase in GaN. 10, 11 The effect of doping, strain, and disorder can also be studied conveniently and with high sensitivity by this technique. 8 In addition, PL measurements provide information about the presence of impurities and their nature ͑shal-low or deep centers͒. 12, 13 Through the analysis of the luminescence spectrum as a function of various parameters important information on the nature of the electronic states can be obtained.
In this work we present the results of scanning electron microscopy ͑SEM͒, micro-Raman spectroscopy, and PL measurements on Mg-doped GaN samples with doping concentrations ranging from 10 19 to 10 21 cm Ϫ3 . The PL spectra were measured as a function of temperature, excitation energy, and excitation power in order to investigate the origin of the luminescence emissions found.
II. EXPERIMENTAL DETAILS
The Mg-doped GaN films analyzed here were grown on c-plane sapphire (␣-Al 2 O 3 ) substrates by low-pressure MOCVD. Bismethyl ͑cyclopentadienyl͒ magnesium (CP 2 Mg) was employed as the p-type dopant precursor. To improve the structural properties of the films, first a 50 nm thick GaN nucleation layer was grown at 550°C. After the growth of the low-temperature nucleation layer, the reactor temperature was raised to 950°C to grow the Mg-doped GaN films. The GaN:Mg layers were between 0.5 and 1 m thick. More details of the crystal growth have been described elsewhere. 7 For the PL measurements the samples were mounted in a continuous He-flow cryostat. The temperature was varied from 5 to 300 K. For optical excitation three different ultraviolet lines of an Ar ϩ laser were used ͑363.8 nmϭ3.41 eV, 351.2 nmϭ3.53 eV, and 333.6 nmϭ3.72 eV͒. The luminesa͒ Permanent address: Department of General Physics, University of Havana, 10400-Vedado, Havana, Cuba; electronic mail: gmc@uv.es cence light was detected with a 0.8 m DILOR double monochromator coupled to an ultraviolet-sensitive photomultiplier using photon counting techniques. The spectral resolution was 0.2 and 0.3 nm, and the integration time of the detector ranged from 5 to 10 s. The excitation power on the sample was typically 20-40 mW, with a spot diameter of ϳ500 m.
The micro-Raman experiments were carried out at room temperature with a 0.8 m DILOR triple spectrometer equipped with a cooled charge-coupled device detector. The detailed setup for Raman-scattering measurements is described in Ref. 7 . Raman spectra were taken in the backscattering geometry, with the laser beam along the c axis of the wurtzite structure ͓z direction, (z(y,Ϫ)z)]. The incident laser light was polarized along x or y, while the scattered light was collected with unspecified polarization ͑indicated with -in the above notation͒.
III. RESULTS AND DISCUSSION

A. Surface morphology
A HITACHI S-4100 scanning electron microscope with an electron beam energy of 15 keV was used to examine the surface of sample A͓͑Mg]: 2ϫ10 19 cm
Ϫ3
͒, as shown in Fig.  1͑a͒ . Small structures consisting of predominantly triangular and hexagonal shaped crystallites can be observed. The planar aspect of these structures is shown in detail in Fig. 2͑a͒ . In contrast, samples B ͓͑Mg͔: 4.5ϫ10 20 cm Ϫ3 ͒ and C ͓͑Mg͔: 1ϫ10 21 cm Ϫ3 ͒ exhibit large triangular pyramids, having a typical height of 4 m and a width around 25 m ͓Figs. 1͑b͒ and 1͑c͒, respectively͔. Magnified views of two stages in the formation of these truncated pyramids are shown in Figs. 2͑b͒ and 2͑c͒. The pyramidal structure in Fig. 2͑c͒ shows equally spaced steps, indicative of step bunching. The occurrence of such triangular structures suggest that the growth occurs faster along three well-defined preferential directions than along others. A similar growth behavior arises in the diamond lattice because of the particular arrangement of atoms and bonds.
14 As the magnesium content is increased by one order of magnitude, these equilateral triangular structures become somewhat thicker and more frequent, leading to a rougher appearance of the sample surface. This suggests that the presence of high magnesium concentrations catalyzes the formation of the triangular pyramids.
Similar surface morphologies have been observed in Si layers grown on ͑111͒ Si substrates by vapor deposition methods. 14, 15 These investigations have proposed that the defects are formed by stacking faults through the following mechanism: faulted layers can result when ͑111͒ planes are incorrectly deposited. As the growth of the film proceeds, the defects spread laterally and grow mismatched with respect to the surrounding areas. The mismatched boundaries propagate from layer to layer along the three remaining ͑111͒ planes. Simultaneously, stair-rod dislocations along the ͓110͔ edges appear. The triangular form is most probable since it has the smallest edge length for atoms to attach to. 15 Mendelson has also studied the epitaxial growth of silicon for seven lowindex orientations of the silicon substrates, showing that in all cases the shape of the mismatch boundary determines the geometrical form of the defect. 15 Among mechanically polished substrates, ͓111͔ substrates have the highest stacking fault density.
The wurtzite and zincblende polytypes of GaN differ in their stacking sequences along the hexagonal c and cubic ͓111͔ axis: AaBbAaBb and AaBbCcAaBbCc for wurtzite and zincblende, respectively ͑capital letters correspond to Ga atoms and lowercase letters to N atoms͒. For wurtzite crystals, changes of this sequence, resulting from the removal or introduction of an extra layer, will produce AaBbAaBbCcBbCc ͑intrinsic type͒ or AaBbAaBbCcAcCcAa ͑extrinsic type͒ sequences, which contain units of an ideal zincblende structure ͑underlined͒.
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Thus, taking into account the previous studies, the origin of the triangular structures could be explained if we assume that magnesium atoms occasionally initiate the formation of stacking faults on the hexagonal ͑0001͒ surface and transform the lattice into a cubic structure ͑i.e., ͓111͔ c ʈ͓0001͔ h ).
In Fig. 2͑a͒ a triangular defect on the surface of sample A, very similar to those found by Mendelson for silicon on a ͑111͒ substrate direction, can be clearly seen. The planar shape of this structure, also observable in sample B ͓Fig. 2͑b͔͒, suggests that the origin of these defects can be associated to stacking faults in the hexagonal matrix. The occurrence of these defects is mainly controlled by the kinetics of the high quantity of magnesium impurities. It is well known that the presence of defects such as stacking faults, dislocations, and inversion domains enhances diffusion of impurities toward them. [17] [18] [19] Thus, additional magnesium atoms migrate towards these stacking faults causing them to grow laterally and tending to minimize the energy by island formation while preserving the triangular shape of the initial defect. Finally, the combined effect of stacking fault defects and three-dimensional growth results in triangular pyramids, whose density and sizes increase with the magnesium content on the surface. Energy-dispersive x-ray analysis indeed suggests a higher Mg concentration in the triangular structures compared to the surrounding material.
Similar surface defects in GaN nucleation layers grown on c-plane sapphire with a high density of stacking faults parallel to the film/substrate interface have been observed in other recent works. [20] [21] [22] 
B. Optical characterization
In order to substantiate the importance of cubic stacking faults, we have performed micro-Raman measurements with the laser beam focused on the pyramid center and outside it. The spectra were taken in backscattering configuration, with the laser beam along the c axis of the wurtzite structure ͑z direction͒. As was already reported in Ref. 7 , these triangular structures are characterized by the formation of cubic inclusions. In that previous work, transmission electron microscopy and micro-Raman measurements give evidence of the cubic GaN subdomain growth on the hexagonal matrix along the ͓0001͔ direction ͑i.e., ͓111͔ cubic direction͒ by the stacking fault mechanism. The Raman spectrum taken outside the triangular hillock exhibits the E 2 phonon mode at 568 cm Ϫ1 and the A 1 ͓longitudinal optical ͑LO͔͒ mode at 735 cm Ϫ1 , characteristic of hexagonal, wurtzite GaN ͓Fig. 3͑a͔͒.
In addition, the spectrum from the pyramidal structure exhibits the cubic transverse optical ͑TO͒ mode at 555 cm Ϫ1 and the coupled LO phonon-plasmon mode at 512 cm Ϫ1 , typical of n-type samples. It is known that the formation of Mg-H complexes causes hole compensation. 23 Consequently, the presence of this latter mode indicates that the free electron concentration inside the triangular pyramid is higher than outside. Moreover, we found broad peaks at positions where local vibrational modes ͑LVM͒ and disorder activated Raman scattering in Mg-doped GaN films have been reported: 145, 269, 340, 364, 600, 660, 671, and 682 cm assignments by calculations based on a modified valenceforce model of Kane, obtaining frequencies of 132, 267, and 660 cm Ϫ1 . In the high energy region, unlike earlier work about LVM in Mg-doped GaN samples, 26, 27 we found a peak at 2304 cm Ϫ1 but none around 2200 cm Ϫ1 ͓Fig. 3͑b͔͒. The line N 2 vibrations in air was also observed at 2328.8 cm Ϫ1 in our spectra. Figure 4͑a͒ shows low temperature PL spectrum measured in the region with the highest density of triangles in sample A. In contrast, spectrum 4͑b͒ was taken on a defectfree region ͑i.e., region without triangular structures͒. No free and shallow-bound exciton emissions of the hexagonal GaN or cubic GaN are observed in the spectra, indicating the presence in both regions of additional nonradiative recombination channels typical for a relatively high Mg-doping level. For instance, the acceptor-H neutral complexes found in Mg doped GaN films, cause deep-level and blue emissions in the PL spectra besides the hole compensation. 23 The local fields produced by such defects, as well as fluctuations of the location of the atoms in the crystal, induce the exciton dissociation, making the excitonic transitions undetectable. Instead, we see a complex structure of strong lines related to the triangular pyramids ͓Fig. 4͑a͔͒, accompanied by the ''yellow band'' emission around 2.38 eV. In the defect-free region, the luminescence is completely dominated by a broad band centered 2.35 eV, with a full width at half maximum of 300 meV ͓Fig. 4͑b͔͒. It is important to note that from our PL measurements on the substrates, we do not find any luminescence from sapphire. The PL results show a variable distribution of the radiative centers in the sample, in accordance with the surface morphology and structural properties observed by SEM and micro-Raman measurements.
The PL spectra for three samples with different Mg content are shown in spectra do not show a significant variation from sample to sample, in spite of the notable changes in the surface morphology and the magnesium content; previously reported Mg-related transitions are not observed either. 28, 29 Unlike typical GaN PL spectra, the luminescence here is clearly dominated by two lines at 3.36 ͑L1͒ and 3.31 eV ͑L2͒, significantly below the hexagonal GaN band gap (E g ϭ3.50 eV͒, 30 and slightly above the cubic GaN band gap (E g ϭ3.30 eV͒. 31 Their narrow linewidths of 10 and 14 meV, respectively, suggest an excitonic nature. Identical peaks have been observed in layers grown by different techniques, with dissimilar dopants and on different substrates. These emission lines have been assigned either to deeply bound excitons in structurally distributed regions, 32, 33 to near-band gap emissions in cubic GaN, 34 or dislocation bound excitons. 35 Some works have tentatively attributed these transitions to phonon replicas of shallow-bound excitons or localized defect levels, such as nitrogen vacancies. 32, [36] [37] [38] Incorporation of cubic phase in wurtzite material has been reported as well. 9 The notably invariant energetic position of these lines, also independent of the magnesium concentration in our samples, suggests a connection with localized centers associated to imperfections in the intrinsic GaN structure, such as stacking faults. In addition, there are two weak transitions below L2 at 3.25 eV ͑L3͒ and 3.17 eV ͑L4͒, whose nature will be discussed later.
As can be observed from Fig. 5 , the ''yellow band'' ͑YB͒ is a competitive radiative recombination channel with respect to the former transitions in the three samples. Many of the GaN samples exhibit this broad Gaussian-shaped band centered between 2.2 and 2.4 eV. [39] [40] [41] Native defects ͑vacan-cies, interstitials͒, dislocations, and residual impurities ͑such as carbon 42 ͒ represent intrinsic candidates for the origin of this band but its nature is still unclear. Two models have been suggested to explain the recombination mechanism of the YB: ͑i͒ Ogino and Aoki 43 proposed that the initial state is a shallow donor and the final state is a deep acceptor ͑about 0.86 eV above the valence band͒, and ͑ii͒ Glaser et al. 44 concluded that this transition involves a deep donor ͑with a level depth of about 1.0 eV͒ and, therefore, a shallow acceptor about 0.2 eV above the valence band. The nature of the deep level has not been determined; it has been argued that it has an intrinsic origin, such as nitrogen antisites. 45 Moreover, Zhang et al. 46 varied the MOCVD growth conditions to correlate a contribution of gallium vacancies to the formation of this localized gap state.
In general, a decrease in the overall luminescence intensity with the magnesium doping is clearly visible from our spectra, possibly due to diffusion of both laser beam and PL emission on the rough surfaces. Furthermore, a relative decrease of the YB can be appreciated, showing the samples with higher magnesium content a smaller intensity of this band. This behavior is coherent with a deep level associated with Ga vacancies, as mentioned before, which might disappear when magnesium enters on Ga sites for higher concentrations in the layer. 46 In view of the partial overlapping of the spectral lines in our PL spectra, we carried out its decomposition using a multi-Gaussian fitting procedure. This analysis suggests the presence of two small additional peaks: at the high energy side of the L1 line ͑X1͒, and at the low energy side of the L2 emission ͑X2͒ for sample C, as shown in Fig. 6 . The existence of the additional peak X1 becomes more evident from the analysis of the luminescence thermal dependence, which will be discussed later. The identification of these transitions will be pursued in the following subsections, based on the evolution of the PL spectra with the excitation photon energy, excitation power, and temperature.
Excitation photon energy dependence
Typical PL spectra for three different excitation wavelengths ͑333.6, 351.2, and 363.8 nm͒ are shown in Fig. 7 for sample A. The L1 and L2 emissions dominate the PL spectra, both when exciting below and above the hexagonal GaN band gap, suggesting that these lines are independent of the hexagonal interband transitions. Simultaneously, as there are no other peaks at higher energies, the interpretation of L1 and L2 as phonon replicas of higher energy transitions can be ruled out.
It can also be seen from Fig. 7 that the relative intensity of the L1 line ͑3.36 eV͒ decreases with the excitation photon energy, becoming this decay more appreciable for exc ϭ363.8 nm ͑3.41 eV͒. Such a behavior indicates a lower population of the higher energy states, which may be caused by two combined effects: a nonuniform distribution of the pumped carrier energy, and the discrete character of relaxation processes by optical phonons. FIG. 6 . Photoluminescence spectra of the three sample and the multiGaussian fitting.
Excitation power dependence
To provide further information on the origin of these PL lines, we recorded the PL spectra for various excitation intensities, spanning a dynamic range of two decades. Typical spectra are shown in Fig. 8 for sample A. The L1 and L2 lines have the common feature of showing no shift with intensity, consistent with a bound exciton emission origin. 34, 47 On the other hand, their linewidths increase for high excitation density, with a little increasing asymmetry towards higher energies, perhaps suggesting a donor-acceptor pair origin. However, we must be cautious about this identification.
In the inset of Fig. 8 the integrated intensities for the two high energy peaks L1 and L2 ͑obtained from Gaussian fits to the line shapes͒ are plotted as a function of the excitation power for sample A. As can be seen from this graph, the intensity increases about 100 times when the excitation power is increased by the same factor. By using a power law dependence of luminescence intensity I on the excitation power P, Iϰ P n , a value of nϭ1.15 is obtained from the fitting. This behavior accentuates the evidence for the excitonic nature of these lines instead of a donor-acceptor pair recombination character. Figure 9 shows the PL spectra in the 10-300 K range measured from sample B. The PL intensity slightly increases for a sample temperature up to about 80 K. Above this value, we can observe a luminescence quenching, but the emission lines can even be easily observed up to 300 K. In general, they broaden and shift to lower energies as the temperature rises. For the spectra recorded above 200 K the intensity of the L1 peak diminishes, and the small thermally-activated X1 peak becomes more evident. The PL evolution is very similar for samples A and C, although the latter shows a markedly faster quenching for temperatures above 80 K, becoming the signal almost undetectable for temperatures higher than 170 K.
Temperature dependence
The energies of the different peaks in the spectra are plotted as a function of the temperature in the inset of Fig. 9 . A small monotonic shift to lower energies can be seen with the increase in temperature. The empirical dependencies of the hexagonal and cubic GaN energy gaps are included in the figure for comparison. 31, 48 Since no well-defined blueshift of the main emissions ͑X1, L1, and L2͒ was observed with increasing temperature, the possibility of a donor-acceptor pair recombination is discarded. 46 On the other hand, as the temperature has been raised, the dominant shift in the L3 and L4 peak positions is in close agreement with that of the L1 emission. Based on the energy distances among these lines and on the micro-Raman measurements, these two low energy bands have been assigned to phonon-assisted replicas of the 3.310 eV ͑L2͒ recombination line corresponding to the emission of one and two TO phonons ͑70 meV͒, respectively.
An analysis of their thermal dependencies gives a mean energy shift in the X1, L1, and L2 lines of about 40 meV for the 10-300 K range, which is smaller than the band gap shrinkage of bulk h-GaN and c-GaN (⌬E g hex Ϸ⌬E g cub Ϸ66 meV͒. This discrepancy can be explained if we assume that our peaks L1 and L2 are the integral overlapping of several energy states, partially resolved in the multi-Gaussian fit of Fig. 6 , and totally resolved by Hong et al. 34 When the temperature increases, the higher levels of this complex become filled, shifting the peak against the typical band gap shrinkage effect. These excitonic lines could be associated to different types of stacking faults or some complex defects involving them. Bandić et al. 49 investigated stacking faults in GaN using local empirical pseudopotentials and identified an interface state within the band gap about 0.13 eV above the valence band maximum. On the other hand, Stampfl and Van de Walle 50 found no defect-induced localized states in the band gap from first-principles calculations. Their investigation showed that the zincblende/wurtzite interface exhibits a type-II lineup with ⌬E v Ϸ0.07 eV and ⌬E c Ϸ0.27 eV, supporting the suggestion that the stacking faults can give rise to quantum-well-like regions of zincblende material embedded in the wurtzite matrix that can bind excitons. However, we exclude this possibility as the origin of our PL lines because identical luminescence features have been found in high purity cubic GaN samples ͑with a volume fraction of hexagonal subdomains smaller than 1%͒. 10 Alternatively, we believe that the interface region between these defects could be responsible for these bound exciton lines. They may be understood as result of the electron-hole recombinations at regions where the binding potential is uniformly distributed over several lattice sites, i.e., defects which exhibit small changes in their local environment between nearly equivalent sites. This is to be contrasted with binding, essentially, at a single site as in a shallow-bound exciton, where either the electron or the hole is weakly bound in a central force potential. Figure 10 shows the natural logarithm of the integrated intensity of L1 and L2 versus 1/k B T for the three samples. In general, two different temperature regions can be distinguished: at low temperatures, up to 80 K, we detect a slight increase while above this value a very rapid quenching is observed. An analysis of these data has been carried out using the well known thermal activation relation 51 Iϭ A
.
͑1͒
Detailed evaluation shows that two activation energies are sufficient for a satisfactory fit of B and C results, whereas a third mechanism is necessary for fitting L1 and L2 intensities in sample A. The respective activation energies obtained from the fitting procedure for the three samples are given in the columns E 1 , E 2 , and E 3 of Table I. The energy difference ⌬EϭE g hex Ϫh (h: energy of the L1 and L2 transitions͒, and the binding energy E B of the excitons to the attractive centers at 10 K (E B ϭ⌬EϪE X ; E X ϭ26 meV: free exciton energy͒ are also listed in the table.
Beginning from 10 K in samples A and B, a first exciton capture process dominates with very low activation energy E 1 , due to the slight increase of the PL intensity for this temperature range ͑10-55͒ K. We shall now identify the dissociation process leading to the activation energies E 2 and E 3 . There are four different processes for the dissociation of the defect bound exciton lines: (d L1 0 ,X) and (d L2 0 ,X). From these possibilities different dissociation energies (E a,b ) result, which will be compared with the determined energies E 2 and E 3 . Four different dissociation mechanisms have been considered: ͑a͒ dissociation resulting in a free exciton
͑b͒ dissociation resulting in one free electron and one free hole It is evident that only the dissociation of a free electron from the complex can cause the first intensity drop (E 2 ). The activation energies of the other processes are too high to explain the results. This means that the binding energy of the second electron in the complex is lower than the ionization energy of the free exciton. Thus, the neutral center is repulsive to a second electron, and the binding must be mediated by the hole.
Finally, at higher temperatures the intensity decreases more rapidly and another dissociation process begins to dominate with an activation energy E 3 . We can observe that the energies E 3 and E B ϩE X which are listed in Table I are approximately equal to each other. Therefore, we can describe this process by the dissociation resulting in one free electron and one free hole ͓process ͑b͔͒. All other possible cases cannot be brought into agreement with the data.
IV. CONCLUSIONS
We have investigated Mg-doped GaN films with Mg concentration ranging from 10 19 to 10 21 cm Ϫ3 by means of scanning electron microscopy, micro-Raman, and photoluminescence measurements. The scanning micrographs show triangular pyramids, probably due to stacking faults formation and three-dimensional growth controlled by the kinetic of the high quantity of Mg impurities. The magnesium local vibrational modes, observed in the micro-Raman spectra taken inside the pyramidal structures, indicate higher Mg incorporation in these defects. On the other hand, intense lines were found at 3.36 and 3.31 eV in the photoluminescence spectra from the triangular regions. Their excitation dependencies and temperature behavior enable us to identify them as excitonic complexes. From our study we concluded that the interface region between these defects could be responsible for these PL lines. Finally, the dissociation of the excitonic complexes was investigated from the thermal dependence of the integrated intensity. All samples show qualitatively the same behavior. First, the dissociation of electrons from the excitonic complexes reduces the emissions, whereas for increasing temperature both holes and electrons contribute to the thermal quenching.
